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MULTIPLE STREAM HIGH PRESSURE MIXER/REACTOR 
FIELD OF THE IHVENTION 

The present invention is directed to a continuous high pres- 
sure multiple discrete stream chemical mixer /reactor and its use, 
particularly for performing irreversible reactions, e.g. precipi- 
tation and nucleation reactions. 

BACKGROUND OF THE TWVEMTION 

If multiple streams of chemical reactants are combined with 
less than optimum mixing, less than acceptable output product 
compositions may result. Examples of such compromised output 
products include non-uniform seed precipitati6n products," incom- 
pletely reacted source materials, isolation of unreacted source 
material by reacted product, liquid striation, and the like. 
Mixing effects are particularly significant in high reactivity 
or low diffusivity systems where concentration inhomogeneities 
cannot be leveled off before appreciable reaction occurs. Some 
reactions in low viscosity systems are fast enough, relative to 
conventional mixing, that conversion occurs in a region or reac- 
tion zone where partial segregation of the reactants causes steep 
concentration gradients which can result in a reduced reaction 
rate relative to perfect mixing. 

A stirred tank, e.g. an autoclave, is the most widely used 
industrial chemical reactor type, accounting for about 50% of the 
world's chemical production in terms of value. However, a stir- 
red tank reactor has several limitations, especially when used 
to perform fast chemical reactions . The flow field is inhomogen- 
eous and generally of low intensity and the predominant flow pat- 
tern is back-mixing, making scale-up difficult due to the com- 
plexity of the flow. This often leads to large scaling ratios, 
i.e. due to inefficiencies in mixing more source materials are 
required to obtain a desired output quantity. 



Accordingly, there is a need for a chemical mixer /reactor 
which can overcome these and related problems, particularly for 
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continuous reactions which entail the precipitation of sparingly 
soluble materials from two or more liquid ionic solutions and 
subsequent crystallization, i.e. nucleation and growth of crys- 
tals, of the reaction product. With conventional mixing the 
resulting solid product usually has a wide crystal size distri- 
bution which determines the filtration, washing, settling abili- 
ties of suspensions, and thus the quality, e.g. crystal size ho- 
mogeneity, surface area, and the like, of the resulting product. 

With the present invention, control and optimization of the 
macromixing, mesomixing, and micromixing parameters for a partic- 
ular reaction allows preparation of uniform output products with 
" consistent , uniform quality . "Macrom'ixing" "refers to the general ~ 
distribution of an additive or reactant on a coarse scale in a 
mixer via turbulent dispersion. In the continuous system of this 
invention, global axial macromixing can be characterized by a 
residence time distribution and global radial macromixing by a 
coefficient of variation. "Mesomixing" refers to mixing at an 
intermediate scale between macromixing and micromixing. Mesomix- 
ing results in a' reduction of the scale of segregation between 
reactants, i.e. feed eddies are reduced in size to small " engulf - 
ment" sized eddies. "Micromixing" refers to the final stages of 
mixing ( engulf ment in small eddies and molecular diffusion) which 
brings together liquid reactants on a molecular scale. 

It is also known that mixing can dramatically affect the 
properties of the final product of a chemical reaction, particu- 
larly a precipitation reaction. As a result, U.S. Pat. Nos. 
5,417,956 and 5,466,646 disclose methods of producing nanosize 
particles by use of the emulsion forming apparatus of U.S. Pat. 
Nos. 4,533,254 and 4,908,154. The process entails premixing two 
liquids which react with each other and then subjecting that 
single premixture to high pressure and a subsequent high energy 
mixing process, i.e. high shear, preferably using a Microfluid- 
izer® processor, to generate nanosize particles. It has now been 
recognized that for a precipitation reaction, the reaction ki- 
netics are such that significant precipitate nucleation and 
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reaction will have occurred during the pre-mixing, well prior to 
introduction of the mixture into the high energy mixing zone. 
AS a result, the nuclei formed in the premixture are less uniform 
than when the mixing/reacting is performed with the apparatus of 
the present invention. It is now believed that the predominant 
mode of operation of the Microf luidizer® device is breaking up 
precipitant material to produce smaller particles, rather than 
direct control of the size of the precipitant material during its 
initial formation. The present invention produces nanosize pro- 
duct particles of a smaller, more uniform size distribution that 
enhances use of the products for various applications, including 
in the field of catalysis. 



in a Microfluidizer® device a single hydraulically-driven 
intensifier is moved in an axial reciprocating stroke to pressur- 
ize and process a single stream of pumpable fluid. No matching 
of flows of two or more different fluid streams, nor use of sep- 
arate high pressurizing pumps for each different fluid stream, 
nor flow control of multiple streams are required. 

Control of the flow of two or more pumpable fluid source ma- 
terials, both individually and in relation to each other, at high 
pressure is critical to the present invention. At low pressures, 
up to a maximum of about 5,000 psi, as used in hydraulically- 
driven systems, flow control is obtainable with proportional con- 
trol valves. However, at the reactant stream pressures used in 
the present invention, i.e. about 8,000 psi and above, control 
valves and materials are not available to provide the required 
degree of flow control for the low viscosity fluids used herein. 
While gear pumps have been used to extrude high viscosity thermo- 
plastic materials at pressures up to 30,000 psi, they are not 
useful with the low viscosity source material streams of the 
present invention. The low viscosity streams would push past the 
gear-to-housing seals and the gear pumps could not provide ade- 
quate flow regulation. Moreover, even making flow measurements 
at pressures above 5,000 psi exceeds the capability of many con- 
ventional fluid flow techniques . Moving part techniques such as 
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rotating vane pick-ups, mass flow meters such as hot wire dissi- 
pation, transient measurement techniques such as orifice flowme- 
ters, and flow meters using ultrasonic transducers all encounter 
serious technologic barriers in the high pressure environment of 
this invention. 

It is an object of the present invention to create a con- 
tinuous mixer/reactor wherein macrpmixing, mesomixingr and micro- 
mixing parameters can be varied and controlled so that the output 
product will have intended characteristics and be of uniform 
quality • 

It is a further object of the" present invention to create - 
a continuous mixer/reactor wherein the proportions and weights 
of two or more source materials at high pressure are monitored 
and controlled. 

It is a further object of the present invention to create 
a continuous chemical mixer/reactor which will provide increased 
control over the nucleation stage of a precipitation reaction as 
compared to conventional reactors so as to enhance overall pro- 
duct quality by directly producing products having generally one 
or more of smaller crystallite sizes (without the need for any 
grinding or milling operation), a more uniform chemical composi- 
tion, a narrower distribution of crystallite or particle sizes, 
and/or previously unobserved phases and crystallite morphologies. 

It is a still further object to create a chemical mixer/- 
reactor which can allow reactants to react sufficiently rapidly 
to enhance the selectivity of the reaction to generate more de- 
sirable products as opposed to less desirable ones. 

Other objects of the invention will be evident from the 
ensuing detailed description of this invention. 



SUMMARY OF THE PRKSKWT INVENTION 

The multiple stream high pressure continuous chemical mixer- 
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/reactor of this invention comprises in combination (i) means for 
individually pressurizing each of two or more different liquid 
source material streams to high pressure; (ii) means for indi- 
vidually monitoring the flow of each liquid source material 
stream; (iii) a reaction chamber for receiving the pressurized 
liquid source material streams at high velocity; (iv) means for 
discharging a product stream which results from mixing of the 
pressurized liquid source material streams at high pressure and 
high velocity in the reaction chamber; and (v) means for con- 
trolling the rate of delivery of each reactant stream to the 
reaction chamber at a determined continuous stoichiometric rate. 



' The multiple stream high "pressure mixer /reac-tor is control- 
led by a closed loop control means combining individual stream 
transducers to allow calculation of flow of each stream, computer 
hardware with control system application software, a hydraulic 
pressure/flow metering valve for each stream, and input/output 
connections to the computer hardware for the transducer data and 
meter valve drive. Each reactant stream is pressurized by a 
hydraulically-driven intensifier. A hydraulic pump pressures a 
hydraulic fluid which drives a hydraulic cylinder which in turn 
drives a multiplier piston or plunger of the intensifier. The 
hydraulic pressure-flow metering valve regulates the intensi- 
fier's hydraulic drive, thereby regulating the pressure and flow 
of each reactant stream. Transducers along each stream sense 
pressure. Preferably through an interactive proportional- inte- 
gral-differential (PID) error minimizing control loop, the flow 
of each reactant stream is regulated to variable set points to 
maintain continuous flow at the specified levels. The individual 
reactant streams then enter and first meet within the mixer/re- 
actor chamber or mixing valve at high velocity where controlled 
macromixing, mesomixing, and micromixing occur. 

BRIEF DF.SCRIPTIQN OF THE DRAWINGS 

Fig. 1 is a schematic diagram of a general dual stream high 
pressure chemical mixer /reactor of this invention. 
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Figs. 2A, 2h, and 2C are schematic cross-sectional diagrams 
of alternative reaction chambers useful to obtain different 
degrees of molecular mixing, depending upon the reactivities of 
the starting reactants. 

Fig. 3 is a partial schematic diagram of a variation of the 
mixer/reactor of Fig. 1 having four reactant streams. 

Fig. 4 is a detailed schematic diagram of a preferred dual 
stream mixer/reactor of this invention utilizing a single piston 
hydraulic pump for pressurizing each stream. 

Fig." 5 is a schematic' df awing of a control system for a dual 
stream mixer /reactor of the invention. 

Fig. 6 is a vision screen useful with the control system of 
Fig. 5. 

Fig. 7 is a schematic diagram of a general dual stream high 
pressure chemical mixer/reactor used to explain the control sys- 
tem. 

Fig. 8 is a schematic drawing of an alternative control 
system for a dual stream mixer /reactor of the invention. 

Fig. 9 is an NMR spectrum of the products of Example 2 and 
Comparative Examples 2 A and 2B. 

Figs. lOA and lOB are x-ray spectra of the products of 
Example 3 and Comparative Example 3A, respectively. 

Figs. 11 A and IIB are x-ray spectra of the products of 
Example 4 and Comparative Example 4A, respectively. 



Figs. 12A and 12B are x-ray spectra of the producti 
Example 5 and Comparative Example 5A, respectively. 
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nyiTAILED DESCRIPTION OF THE INVENTION 

Fig. 1 is a schematic drawing of a dual stream high pressure 
continuous chemical mixer /reactor of this invention- Liquid 
source material A is delivered by a high pressure pump 102 
through piping 104. Simultaneously, liquid source material B is 
delivered by a high pressure pump 102' through piping 104' . Each 
of the source materials has a low viscosity, generally about 0.25 
to 500 centipoise at room temperature, although higher or lower 
viscosities can be used provided that the source material is 
pumpable. Generally, suitable liquid source materials will have 
densities in the range of about 0.7 to about 2 g/cc. The term 
"liquid" is used herein to include not only single phase liquid 
materials, but" also two-phase liquid materials containing solid 
particles dispersed therein. The pumps generally pressurize each 
of the source materials to a pressure in the range of about 8,000 
to 50,000 psi and even higher. Preferably the minimum pressure 
is at least 10,000. More preferably it is at least 15,000, psi. 

The high pressure pumps 102 and 102' may be any type, 
including turbine, gear, piston or plunger pumps, and may have 
single or multiple rotors, pistons, or plungers. For control- 
ability, reliability, and to permit a wider pressure/flow dynamic 
range, pneumatic or hydraulic pump driving means are preferred 
over direct or gear driven electric motor drives. Piston and 
plunger pumps having simple geometries can be assembled from 
simple components which leads to better reliability through fewer 
and less complicated parts and also to more gentle and predict- 
able handling of a source material. Thus piston or plunger pumps 
are currently preferred over turbines and other rotating pumps. 

Standard industrial pneumatic sources are generally limited 
to between 90 and 110 psi as higher pressures are considered haz- 
ardous unless significant input filters and output controls are 
in place. To achieve an output pressure of 10,000 psi with a 
pneumatic-driven pump requires a multiplier of 100:1. Thus a 100 
psi pneumatically driven piston area would need to be excessively 
large (typically > 100 square inches) to produce a source materi- 
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al flow higher than around 100 milliliters per minute (ml/min) 
at 10,000 psi. 

With standard components, hydraulic oil can be safely and 
effectively pressurized and hydraulic pressure can be controlled 
at pressures up to about 5,000 psi and to control flows at sev- 
eral tens of liters per minute. To produce a source material 
pressure of 50,000 psi, the approximate current upper limit of 
well-designed practical flowing stream industrial processors, a 
hydraulically driven pump must have a multiplier of only 10:1. 
Combining this higher safe operating pressure with easily ob- 
tained controllability, higher reliability, and an inherent wider 
dynamic range, hydraulically driven pumps are" preferred" over 
pneumatic or direct electrically-driven pumps. 

The most preferred high pressure pumps 102 and 102' are 
piston or plunger pumps driven by a pressurized hydraulic source. 
In this invention, the piston or plunger pumps are termed "inten- 
sifiers" because of their multipled pressure output. Generally 
hydraulically-driven intensifiers used in this invention have a 
multiplier ratio (based upon the ratio of piston/plunger surface 
areas) of about 3:1 to about 20:1, preferably about 5 : 1 to about 
15:1. Most preferably the multiplier ratio is about 11:1 wherein 
every 1,000 psi of hydraulic pressure pressurizes a reactant 
stream to 11,000 psi. 

The flow of source materials A and B continues through flow- 
meters 106 and 106' respectively. Data about the flow levels are 
continuously transmitted to a controller 110. The controller 110 
compares the input data received from the flowmeters 106 and 106' 
with set point information and exports instructions to continu- 
ously vary the drives to each pump 102 and 102' as necessary such 
that the measured flow of each source material stream is at an 
operator selected rate, the specific value of which will depend 
upon the operation being performed. 



Flow regulated source material A continues through piping 
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108 and flow regulated source material B continues through piping 
108' until the streams meet in a reaction chamber 120 from which 
a product emerges through discharge means 121 into storage con- 
tainer 123. The reaction chamber 120 allows for specific stages 
of macromixing, mesomixing, and micromixing to efficiently and 
effectively introduce the molecules of source material A to those 
of source material B. Given that a particular reaction chamber 
has a fixed geometry, the residence time and intensity of the 
mixing can be controlled within a single reaction chamber design 
by varying the incoming pressures of the source materials. The 
physical mixing zones within the chamber may also be varied to 
accomplish different residence times /mixing intensities for a 
given pressure or flow. 

The use of a relatively large passageway cross section in 
a reaction chamber or relatively low pressures will increase the 
total mixing time by reducing the velocity of the streams, there- 
by increasing the residence time within a fixed geometry. This 
will increase the time allowed for macromixing, mesomixing, and 
micromixing, and effect the final properties of the resulting 
product. Alternatively, smaller passageway cross sections and/ or 
relatively higher pressures can be used to increase the velocity 
of the streams, thereby reducing the time available for macro- 
mixing, mesomixing, and micromixing. 

Some examples of alternative reaction chambers can be seen 
in Fig. 2. The reaction chambers of Figs. 2 A and 2B contain suc- 
cessive zones of reducing volume and changing geometry. In Fig. 
2A, for example, a reaction chamber 120, located within a body 
122, contains a macromixing zone 124, a mesomixing zones 126, and 
a micromixing zone 128. Source material A enters the reaction 
chamber 120 through piping 108 and source material B symmet- 
rically enters the reaction chamber 120 through piping 108', 
generally at substantially equal, i.e. within about +3%, enter- 
ing pressures so that the two streams first meet in the macro- 
mixing zone 124 at an angle of «. Although the angle « may range 
from about 10* to about 350°, it is more commonly about 20 to 
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180* and preferably about 30*» to 120*>. The specific angle par- 
ticularly effects the degree of initial mixing, i.e. macr omixing , 
since in general, larger angles produce greater initial mixing. 
Then the macromixed material passes through a generally increas- 
ingly turbulent smaller cross sectional area, i.e. mesomixing 
zone 126, before two still narrower streams of the macro- and 
mesomixed material collide with each other in a highly turbulent 
micromixing zone 128 before exiting the reaction chamber 120 
through the discharge means 121* 

When source materials A and B first meet in the macromixing 
zone 124 of the reaction chamber 120, the materials are generally 
traveling' at a velocity o"f about T.S to 20 "or "higher , "preferably 
about 3 to 12, meters per second (m/s). Through the mesomixing 
zone 126, the combined material is generally travelling at a vel- 
ocity of from about 5 to 50 m/s or higher, preferably from about 
10 to 25 m/s. When the combined material reaches the micromixing 
zone 128, it is traveling at speeds of from about 100 to 500 m/s 
or higher, preferably from about 250 to about 350 m/s. 

The material resident time in the macromixing zone 124 is 
generally from about 0.5 to about 1 millisecond (ms), preferably 
from about 0.8 to about 0.9 ms. The material. resident time in 
the mesomixing zones 126 is generally from about 5 to 5 0 micro- 
seconds ifis), preferably from 10 to 20 /zs. The material resident 
time in the micromixing zone 128 is generally from about 2 to 20 
MS, preferably from 5 to 10 /iS. It is in the highly turbulent, 
microgeometry of the micromixing zone 12 8 that extreme molecular 
level mixing occurs which assures the highest level of source 
materials A and B mixing possible. 

Alternatively, as shown in Fig. 2B, the source material A 
enters a smaller macromixing zone 124 of a reaction chamber 120 
through piping 108 and the source material B enters the same 
macromixing zone 124 through piping 108' so that the two ma- 
terials first meet in the reaction chamber at a larger angle « 
than in Fig. 2A. Then the macromixed material passes through a 
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generally increasingly turbulent mesomixing zone 126 before two 
streams of the mesomixed material are caused to collide in a 
highly turbulent micromixing zone 128, prior to the product 
exiting through discharge means 121. 

For extremely fast reactions, e,g. those which are complete 
in mere picoseconds, the reaction chamber shown in Fig- 2C may 
be more suitable. Again, the source material A enters the reac- 
tion chamber 120 through the piping 108 and the source material 
B enters through the piping 108'. Then the two materials first 
come into contact with each other by colliding within the reac- 
tion chamber 120. In this case, the macromixing, mesomixing, and 
micromixing zones 124, i26,'and 128 are substantially indisting- 
uishable and the materials are each traveling at speeds of from 
about 100 to 500 m/s or higher, preferably from about 250 to 
about 350 m/s, when they first meet. The velocity of the mixture 
may then increase during discharge through a relatively narrower 
exit into discharge means 121. 

While the above general description of this invention refers 
to using two source materials A and B, three or more source mate- 
rial streams may be utilized. Fig. 3 is a partial schematic 
drawing in which four source materials are shown exiting flow- 
meters 106, 106', 106", and 106'" into piping 108, 108', 108", 
and 108'", respectively, and then entering reaction chamber 120 
through four separate entry ports . The multiple source materials 
enter the generally symmetrical reaction chamber at generally 
substantially equal (± about 3%) entering pressures so that the 
streams have matched velocities (assuming an equivalent density) . 
A third source material stream may be the same as one of source 
material streams A and B. For example, if the stoichiometry of 
a reaction requires 2 parts A and one part B and the two have 
similar densities, then it may be easier to accomplish the neces- 
sary flow control by having 2 streams of A and one stream of B 
fed into the reaction chamber. Alternatively, the third (or 
more) source material stream may be different from A and B. 
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A preferred dual stream embodiment of the present invention 
is shown in Fig. 4 wherein separate single piston hydraulic pumps 
are used to deliver each source material A and B to the high 
pressure reaction chamber. In each of the hydraulic circuits 
130, 130', a hydraulic pump 140, 140' drives hydraulic oil to a 
pressure of about 1,000 to 5,000 psi, preferably about 2,000 to 
4,000 psi, through a pipe 142, 142' and a directional propor- 
tional control valve 144, 144' which routes the flow of the hy- 
draulic oil through either line 146, 146' or line 148, 148', 
alternately driving hydraulic piston 150, 150' back and forth. 
Limit switches 152, 152' and 154, 154' at either end of the hy- 
draulic pistons 150, 150' sense end travel of the piston and 
transmit this 'information to the "single controller 110. " The di- 
rectional proportional control valves 144, 144' change the direc- 
tion of the hydraulic flow. The valves 144, 144' contain a vari- 
able, controllable restriction which permits variation of the 
pressure drop across them so that the pressure delivered to the 
hydraulic pistons 150, 150' can be varied. By means of the 
directional proportional control valves 144, 144', the hydraulic 
drive to each piston is controlled from 0 to the maximum limit 
of the hydraulic pump in both directions. 

The hydraulic pistons 150, 150' drive source material pis- 
tons 160, 160' back and forth, alternately filling the source ma- 
terial pistons 160, 160' with source materials A or B from reser- 
voirs 162 or 162' respectively and pressurizing the source 
material to cause flow thereof. The hydraulic piston to source 
material piston ratio may be varied from about 1:5 to 1:20. 
Check valves 166, 166' prevent high pressure blowing of source 
materials A and B out of the source reservoirs 162 and 162'. The 
pressurized source materials flow through check valves 168, 168' 
and into pressure energy accumulators (flow dampeners) 170, 170' 
which maintain a positive pressure and source material flow dur- 
ing the source material piston fill strokes. Single piston pumps 
require that a portion of the processing time be used to fill the 
piston cylinder with a source material and a portion of the pro- 
cessing time to deliver that source material. Without appropri- 
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ately sized accumulators the flow from a single piston pump can 
not be controlled better than about ± 15 %, but with accumulators 
the flows can be controlled within about ±3%. No accumulators 
are necessary when using multiple piston or plunger pumps or 
continuous pressure sources. Suitable accumulators include both 
in-line and side stream perpendicular leg vessels or tubing. The 
volume within an accumulator must be sufficiently large in volume 
to maintain flow throughout the fill stroke. As such the size 
of an accumulator is directly related to both the volume of the 
pump stroke and the pressure generated. 

Stable and controllable flow of each source material is ob- 
tained by fixed restrictions" 176, 176' in flow meters 106 and 
106' which effect in-line pressure drops between the pump and the 
reaction chamber within each pressurized source material stream. 
AS best seen in Fig. 4, two pressure transducers are used to 
monitor the pressure of each source material pressure, the first, 
172, 172', before and the second, 174, 174', after the fixed 
restriction 176, 176' provide separate closed, in-line, flow-thru 
flowmeters 106, 106' for each source material. More specifical- 
ly, pressure transducer 172, 172' senses the inlet pressure of 
the source material prior to passing through the fixed restric- 
tion 176, 176' and the second pressure transducer 174, 174' 
senses the outlet pressure therefrom. 

The source materials exit the flow meters and continue 
through a priming valve 178, 178'. The priming valve in each 
source material stream is opened to allow relatively unimpeded 
flow while the system is initially filled with the source materi- 
als. Each source material continues through a shut-off valve 
180, 180', (useful for system maintenance and for calibration of 
flowmeter pressure transducers 172, 172' and 174, 174') and 
through check valve 182, 182' before entering the reaction cham- 
ber 120. The check valves 182, 182' prevent flow of each source 
material from traveling into an opposing leg. This is particu- 
larly helpful during start-up prior to the accumulators 170, 170' 
(if used) being fully charged over several piston cycles, i.e. 
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when the pressures and flows have not reached steady-state con- 
ditions and are not fully matched. The check valves 182, 182' 
also help prevent uncontrolled mixing of source materials outside 
of the mixing reaction chamber. 

The critical element of controlling the flows of two or more 
low viscosity liquid streams at very high pressure in the present 
invention is accomplished in this embodiment based upon the 
general relationship: 

Q = k(Pi - P2)^^^ 
wherein Q is the flow through a specific restriction, is the 
inlet pressure at pressure transducers 172, 172' into the flow- 
meter restriction," P2 is the outlet pressure" at 'pressure trans- 
ducers 174, 174' after the flowmeter restriction, and k is a 
constant proportional to the length and inversely proportional 
to the cross sectional area of the restriction. The higher the 
driving potential energy and the greater the drop in potential 
energy across the flowmeter, the better the flow regulation. 

use of the restriction portion of the flow meter and its 
resultant pressure drop enhances stream flow regulation. In 
fact, the smaller a restriction and the greater the resultant 
pressure drop across it, the better the flow insensitivity to 
downstream changes and the better the flow regulation. This flow 
regulation enhancement is completely independent of the flow 
monitoring (measurement) produced by the same restriction. 

Referring to the simplified dual stream system of Fig. 7 (in 
which like elements as in Fig. 4 have like numbers) as an exam- 
ple, the total liquid flow out of the system (Q^) is the sum of 
the flows of each stream, i.e. Q plus Q'. Thus the total output 
flow of the dual stream model can be expressed by Eq. 1: 

1. Qo = Q + 



Then, substituting into the general formula: 
2. = k(Pi - P2)^^^ + l^'(Pl' - ^2')^ 
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in steady state operation, P2 = ^2" Examining the varia- 
tion in flow output AQo with respect to changes in pressure out, 
APof yields: . 

3. AQo/AP2 = - (l/2)(k)/(Pi-P2)^/2 ^ ( 1/2 ) (k') / (Pi ,.P2 ) 
With the simplifying assumptions that k = k' a constant and Pj^ = 
P^,, then Eq. 3 can be expressed as: 

4. AQ0/AP2 = - k/(Pi - P2)^^^ 
If the output flow is normalized to a predetermined value Qg^t 
(Qg), and recognizing that k is a constant, the resulting nominal 
input pressure is (P^g) and the output pressure is (P2s)- 

5. Qs = l^(Pls - P2s)^^^ 

and 

6. k = Q5/{PiV-- ^2s) 
Then, substituting k from Eq. 6 into Eq. 4: 

7. AQ0/AP2 = - [(Qs)/(Pls - P2s)^^^]>'(Pl - 

Accordingly, the degree of flow regulation with respect to 
the pressure out of the flow meter is directly dependent on the 
nominal flow level and inversely dependent on the square root of 
the pressure drop across the flow meter. Thus, the smaller the 
change in flow divided by the change in exit pressure (AQ/AP2) 
is, the less dependent total flow is on P2 . P2 ^^^^ 
in the trivial case, i.e. when there is no processing pressure 
P2 = 0. P2 must be non-zero. 

If the pressure differential (P1-P2) is very much greater 
than Qg, then the output flow will have less dependence on P2. 
Also if P^ is very much greater than P2 then again the output 
flow Qq will have less dependence on 

using design operating parameters of output flow Qq being 
0.5 liters/minute (1/m), P2 as 10,000 psi, and P^ as 15,000 psi, 
Eq. 7 becomes AQ0/AP2 = -{0.5)/ (15,000-10, 000) = -0.0001. Thus, 
with all other parameters held constant, for every 1,000 psi 
increase in P2 there is a 0.1 1/m decrease in Qq. This amounts 
to -(0.1/0.5) X 100% = -20% or a 20% change in flow for every 
1,000 psi change in P2 • 
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On the other hand, if the input pressure to the flowmeter 
is 40,000 psi and the other parameters are the same as above, 
then AQ0/AP2 = -(0.5)/(40, 000-10, 000) = -0.0000167 and for every 
1,000 psi increase in P2 there is a 0.0167 1/m decrease in Qq- 
Thus flow regulation sensitivity with respect to P2 is improved 
by a factor of six times by increasing Pj^ while keeping con- 
stant. In this case, there will be a -3-33% change in flow for 
every 1,000 psi change in P2. 

As shown, a six-fold increase in the in-line pressure drop 
(from 5,000 to 30,000 psi) results in a six-fold improvement in 
flow regulation, everything else being held constant. Better 
flow reguiatiori is' accomplished by having a higher" potential 
energy driving force and more loss of pressure in the regulation 
process as represented by the higher energy loss across each 
stream restriction. The more energy used in flow regulation, 
i.e. "thrown away" by the restriction, the better the flow regu- 
lation obtainable. Since the current practical upper limit of 
pressure handling with relatively common tubing and couplers is 
about 50,000 psi and the best mixing is obtained at the highest 
mixer/reactor velocities derived from the highest obtainable 
pressures, the magnitude of pressure drop to be used for regula- 
tion is a compromise among the desired mixing intensity, the re- 
quired nominal flow magnitude, the desired degree of flow regula- 
tion, and the economics of creating higher pressures at a given 
nominal flow. 

Based upon the above principles, in-line pressure drops of 
about 5 to about 60% have generally been found to provide the re- 
quisite degree of flow control, although pressure drops of 90% 
or more could be used when exceptional flow control is required, 
preferably a pressure drop of about 10 to 50% is used. Most pre- 
ferably the pressure drop is about 20 to 40%. 

in the above dual stream flow control analysis, all flow 
regulation was attributed to changes in P2 and all flow variation 
is represented by changes in Qq. In fact, however, changes in 
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P2 can be caused by changes in k or any other flow controlling 
parameter, e.g. partial clogging of the mixer/reactor chamber or 
by an increase in the flow of one or more of the multiple streams 
and changes in Q can be made by any combination of changes in Q 
or Q'. Although it has generally not been found necessary, more 
accurate and complicated multiple stream flow control based upon 
the above principles can be used to better describe details of 
the actual individual stream flows. For example, the simplifying 
assumptions that k = k' = a constant, and = Pi- in Eq. 3 can 
be reversed to accommodate systems in which the stream flows are 
not being maintained at equivalent pressures. In this case: 

8. AQ0/AP2 = -(lc/2)/{Pi - ^2)^'^ - (k72)/(Pi, - P2)'' 
applies and using Qg = MP^g-Pss ) ' then k = Qs/(Pis-P2s) ' 
(Pls-P2s)'^' = ^"'i (Pl's-P2s)'^' = then Eq. 9. results: 
9. AQ0MP2 = - Qs/2B(Pi-P2)^^2 - Qs./2B'(Pi,-P2) 

sensitivities of individual stream flows to specific flow 
controlling parameters in a multiple stream system can be examin- 
ed by first expressing the total flow as the sum of the input 
flows of the individual streams: 

10. Qq = Qi + Q2 + Q3 + ••• Qn 
and then taking the partial derivative of the flow equation with 
respect to the specific flow controlling parameter. By choosing 
the flow controlling parameter, k^ for the system, and a flow Q^: 

11. AQo/Ako = AQj/Ako + AQj/Akg + AQj/Ako + ... + AQn/Akg 
and 

12. AQi/Ako = AQo/Ako - AQ2/Ako - AQj/Ako - ... - AQjj/Ako 

The magnitude of output Qq and the resultant k^ depend en- 
tirely on the scale of the desired operation and Qq may range 
from about 10 ml/min for a laboratory mixer /reactor to 100 1/min 
for production processing. The desired k^ values will follow the 
desired scale and the trade-offs cited in determining the degree 
of flow regulation. 



Flow control of each source material is provided by a closed 
loop feedback control system, preferably one utilizing propor- 
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tional-integral-derivative (PID) error signal processing. Feed- 
back control techniques are based upon a comparison of an actual 
output to a desired response (usually referred to as the input) 
to generate an error signal and then correction of the output 
based upon the generated error signal. PID error processing al- 
lows independent adjustment of the offset, average, and tracking 
errors to provide better flow control. PID processing of the 
error signal addresses each of these errors. 

More specifically, PID processing controls the flow of 
source materials to the mixer/reactor by controlling a process 
variable, signal _which is representative of the process to be con- 
trolled and a setpoint signal representative of a desired value 
for the process variable, by (i) producing a difference signal 
of a difference between the process variable signal and the set 
point signal; (ii) applying an adjustable gain to the difference 
signal to thereby produce an amplified signal; (iii) integrating 
the difference signal to produce an integral signal; (iv) differ- 
entiating the difference signal over time to produce a differen- 
tial signal; (v) combining the amplified signal, the integral 
signal, and the differential signal, in a weighted sum to form 
a process signal which is applied to a means which directly 
changes the flow to control the process. Thus, the control loop 
error signal is processed separately and in parallel by three 
functions . 

The following is a simple quantifiable example of how, at 
first pass, the PID parameters may be set. If the desired output 
error is to be less than 1% (one part in a hundred), a loop gain 
of 100 or greater is required. If by loop open test a system 
requires 1 second to respond, the cumulation or summation of from 
about 2 to and less than about 10 seconds of error is desirable 
to smooth response. If overshoot is undesirable, a heavier 
weighting to the rate of change of error is required. Suitable 
control of the present mixer/reactor with two similar density 
liquid streams has been obtained using an overall gain of about 
120, a cumulation of 3 seconds of error, and P-I-D weightings of 
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about 1.0-0.4-0.3 has been found to provide an appropriate first 
pass parameter set. The actual PID weightings may be determined 
from open loop system response to a known input such as a "step 
input" or an impulse or delta function input. A step input is 
preferable . 

For data input and control output, suitable input/output 
hardware is required which includes multiple inputs (at least 2 
per source material stream), a multiple input analog to digital 
(A/D) converter, multiple digital inputs, and multiple digital- 
to-analog (D/A) outputs. A PC-bus compatible standard input/out- 
put interface card such as the CyberResearch CDAS 8 AO meets 
these requirements: It has a ± 5 volt input range atfd a 20 "kHz 
max conversion rate which provides 50 ;jsec minimum sampling rate 
and was used in the examples below. For each source material 
stream, two inputs are required, one each for the respective fill 
and process limit switches on the pump. Thus four inputs are re- 
quired for a dual stream system. The CYDAS 8 AO outputs are used 
to form the signals which drive and vary the pistons controlling 
proportional directional hydraulic control valves 144 and 144' 
of Fig. 4. 

For convenience, standard LabTech Notebook Pro for windows 
(LTNBK) building blocks may be used in which each LTNBK block is 
uniquely configured as an input, output, or calibration block, 
configuration is accomplished for each block by defining func- 
tion, scaling parameters, name, block number, etc. within a 
block's configuration file. The results of one block may be de- 
fined as an input to a following block. A calculation block 
operates mathematically on its input and delivers the result to 
the following block. 

LTNBK visually represents the blocks as square icons on a 
computer video screen. Blocks are connected by picking up a 
block's output, an extendable arrow, and dropping it as an input 
to the target block. A block's operator or function is symbol- 
ically displayed within the block's icon square. Detailed block 
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configurations are not shovm on the set-up screen but may be 
displayed and changed by opening a block's configuration fxle. 

An assemblage of interconnected blocks which represent a 
series of executable software instructions is called a "set-up." 
set-ups can be modified, stored, and retrieved as software fxles. 
set-ups may input data through an interface card such as the 
CYDAS 8 AO, process the data such as to create a desired result, 
and output the result through the same or a different interface 
card. sampling rates, set-up run times, and input or output 
voltage ranges may be defined. 

information "based on' input dati may be dis-played with "a" 
"vision" screen, an example of which is provided in Fig. 6, which 
typically takes on the appearance of an instrument panel with nu- 
merical or meter displays, chart recorder or oscilloscope simula- 
tion, and control knobs and switches. Set-ups can be "RUN" whxch 
means that input data is sampled and results passed to subsequent 
operational blocks or to the vision screen. The run state is 
called "run-time." 

Figure 5 shows a control set-up, i.e. the software algo- 
rithm, created to realize a closed loop proportional-integral- 
derivative (PID) error signal processing control of the dual 
stream system of Fig. 4. All blocks are numbered in Fig. 5 and 
sampling follows the sequential numbers, i.e. block 1 is sampled 
first, block 2 second, etc. Block 1 is an analog input (AI) con- 
figured to access CYDAS 8 AO Input 0. The voltage output of 
pressure transducer 172 is connected to Input 0 and the proximal 
pressure transducer 174 data of source material A is routed thru 
block 1 to its following block 5. Data from the input (proximal) 
172, 172' and output (distal) 174, 174' pressure transducers 
which, with fixed restrictions 176 and 176' respectively, com- 
prise source material A and source material B flow meters, are 
routed in through analog input blocks 1, 2, 14, and 15. Offsets 
present in the pressure transducers 172, 172', 174 and 174' are 
subtracted out in the AI blocks. Calibrated scaling of each of 
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the pressure transducers is accomplished in the following "X" 
blocks, i.e. 5, 6, 27 and 28. 

source material A flow is calculated by multiplying the 
square root of the pressure drop across the fixed restriction 176 
times the fixed restriction constant k. This is accomplished 
with the operation of blocks 1, 2, 5, 6, 7, 9 and 10. Source 
material B flow is calculated in like manner with operations of 
blocks 14, 15, 27, 28, 29, 31 and 34. Flow calibration is 
achieved by driving each stream independently with a modified 
set-up, cumulating a timed and measured liquid volume, and then 
adjusting the set-up flow scale factor. In the modified set-up, 
the reaction chamber is removed and "dummy" equivalent chambers 
are placed on the end of each stream. The system is then run and 
the output from each stream is collected in a graduated flask 
over a short time period, e.g. 30 to 60 seconds. This flow rate 
in liters per minute is compared to the flow being sensed by the 
pressure drop flow meters and an algorithm multiplier constant 
in blocks 10 and 34 is corrected such that the system sensed flow 
is properly calibrated. 

input blocks 18, 19, 2 0 and 21 are connected to limit 
switches 152, 152', 154 and 154'. Blocks 18 and 19 input the 
states of limit switches 152 and 152'. These inputs are "low 
true" and are OR'd together at block 24 which produces a low 
result only when both inputs are low. A block 24 low true "sets" 
the output of a flip-flop latch configured with blocks 32, 33, 
25 and 26. The resulting latched "Process" signal occurs only 
when both hydraulic pistons 150 and 150' have returned to their 
fully filled positions. This synchronizes the start of the ac- 
tive source materials pressure strokes. 

Blocks 20 and 21 (FILLl and FILL2) input the states of limit 
switches 154 and 154'. These inputs are low true and are AND'd 
together at block 23 which produces a low result when either or 
both inputs are low. A block 2 3 low true "resets" the output of 
a flip-flop latch configured with blocks 32, 33, 25 and 26, The 
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resulting "Fill" signal occurs when the first of either hydraulic 
piston 150 or piston 150' (or both) reaches the end of a process 
stroke . 

In the dual stream implementation, first the input pressure 
of source material A is controlled by taking the difference be- 
tween the "slider" 220 selected base pressure on the run-time 
vision screen of Fig. 6 interfaced through IPC block 36, and the 
actual pressure from block 5. This difference produces a press- 
ure error signal with block 52. Blocks 53, 60, 61, 62 and 63 
comprise the signal processing for the pressure error signal - 
Blocks 64 and 65 insure the result is non-negative. Block 64 
compares the input from Block 63" to" 0. If the result is pos'l- 
tive, block 64 generates an output of "1." If the result is neg- 
ative, block 64 generates an output of "0." Block 65 multiplies 
the output of block 63 and the result of block 64 and delivers 
that output to block 66. 

A moving flow average flow difference between source ma- 
terial A and source material B is produced with blocks 37 and 38. 
in the dual stream implementation, this difference or error is 
then added to the base pressure in block 39 to create a second 
pressure setting. Source material B is then controlled to this 
modified pressure (set pressure plus flow difference) via signal 
processing just as for source material A. Block 40 creates the 
source material B input pressure error from blocks 27 and 39. 
The signal filtering is contained in blocks 41, 42, 43, 44, and 
45. Blocks 46 and 47 insure the result is non-negative. 

Whether the source material A and source material B outputs 
utilize the closed loop control signals from blocks 47 and 65 re- 
spectively or are hard-driven to fill the source material pistons 
quickly is mediated by the flip-flop latch outputs of blocks 25 
and 26. The latch outputs either enable blocks 48 and 66 for 
closed loop control of the process strokes or blocks 49 and 67 
to drive the fill strokes. 
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Fig. 6 shows a suitable computer display presented when the 
control algorithm of Fig. 5 is run for a two source material sys- 
tem. The display includes a slider 2 02 labeled "FEED #1 FLOW 
SCALER" with a mouse controlled screen cursor (not shown). Mov- 
ing the slider 202 changes the slider-presented coefficient (from 
0.8 to 1.2 shown) in the algorithm, therefore changing the flow 
of source material #1 accordingly. Wider stream flow differences 
are settable with this approach by changing the algorithm. How- 
ever, to maintain individual source material flow set levels and 
obtain the required flow regulation, additional isolation by in- 
creasing the in-line pressure drop may be advantageous. For 
example, for a dual stream mixer /reactor in which the two source 
material flows need to differ by a'facto~r"of less than 2 to 1,' 
control can be accomplished with an in-line pressure drop of 
about 50% or less. Alternatively, multiple feeds of one of the 
source materials to the reaction chamber may be used. When flow 
differences of about 2 to 1 or more are needed for a particular 
reaction, multiple feeds are recommended. 

Since the source material density or specific gravity will 
effect the pressure drop flow meter calibration, the display in- 
cludes additional on-screen adjustment sliders 204 and 206 
labeled "FEED #1 SP GRAVITY" and "FEED #2 SP GRAVITY" respec- 
tively to allow for adjustment of source material densities. 

Displays 210 and 212 show the respective temperatures of the 
two source materials. The temperature displays represent the 
input from two platinum positive resistance temperature devices 
(PRTD) which are placed on the input and output lines. Tempera- 
ture sensing may be important when a source material varies 
substantially in density or viscosity with temperature, or for 
exothermic reactions or to insure a minimum temperature for endo- 
thermic reactions. 



The display may also provide other information to the opera- 
tor, for example flow error numerical displays are presented. 
A display 208 labeled "FEED MIX PRESSURE" indicates the pressure 
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at the reaction chamber entry, other possible displays include 
the "MEAN FEED FLOW UFl+F2)/2}" 214, "FLOW ERROR {F1-F2}" 216, 
and "RMS FLOW ERROR" 218. The flow error displays may be useful 
to confirm that the system is controlling the ratios of source 
materials to an acceptable degree. Excessive flow error will 
result in an excess of one source material which will lead to an 
incomplete reaction. If an operator observes an excessive flow 
error, he can adjust the stream flow ratios or the feed specific 
gravity or simply shut down the process to make the correction. 

A second preferred dual stream embodiment of the present in- 
vention (not shown), substantially identical to that of Fig. 4, 
obtains flow" measurement and' control by an indirect technique, " 
i.e. by measuring or calculating hydraulic flow and converting 
that hydraulic flow to source material stream flow using the in- 
tensifier relationship or ratio. This is accomplished by replac- 
ing limit switches 152, 152' and 154, 154' at either end of the 
hydraulic pistons 150, 150' with a piston position indicating 
means (not shown) and adding a hydraulic flow pressure transducer 
(not shown) to each pipe 142, 142'. This allows the elimination 
of pressure transducers 172, 172' and 174, 174'. 

In this embodiment, flow measurement and control are no 
longer dependent upon fluid density. Also, error between the 
calculated flow and the actual flow could occur from a change in 
the effective area of the fixed restrictions 176, 176', either 
by wear causing an increase in area or by a partial obstruction 
causing a reduction in area. This embodiment avoids that possi- 
bility . 

Use of piston position indicators allows the monitoring of 
the hydraulic piston position. With the measured position, a 
known piston area, and a stable, accurate time base, source mate- 
rial flow - fluid volume per unit time - is readily calculated, 
verification and calibration are used to assert the error of the 
calculated flow is minimized and known with respect to the actual 
flow. 
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Any reliable position indicator technology which has a reso- 
lution and stability of better than about one part in a hundred 
is acceptable for use herein. Suitable devices include optical 
pick-ups, capacitive sensors, variable resistance potentiometers , 
Td transmission-delay-reflection equipment. -^^^ ^^^^^J^ 
accuracies and stabilities of about one part per ten thousand are 
available. This allows stream flow measurement and control to 
better than about 1%. 

The position indicator means of choice is a magneto-restric- 
tive based, linear position transducer wherein the distance or 
measurement is based on a rod of magneto-restrictive material 
which is pulse stimulated at one end using an acoust.c trans- 
ducer. The acoustic pulse velocity in the rod is l^^^^ 
bie A captured sliding magnet with fixed physical attachment 
to the hydraulic piston couples a magnetic field into the magne- 
to-restrictive rod. The magnetic field pinches off the magneto- 
restrictive material such that the acoustic pulse reflects back 
along the rod and is picked up by the transducer. The txme delay 
between the transmitted and reflected pulse represents the dis- 
tance Of the magnet along the rod and also P-xtxon of the 
hydraulic piston. Resolution and accuracies of O.OOl"- (.00254 
cm) in rod lengths of 2- to 30" (5.08 to 76.2 cm) are available. 

The linear position transducer can be mounted as an add-on 
to existing hydraulic pistons or mounted as an integral part of 
the piston Shaft. The magnet and rod attachments are nearly 
massless and frictionless to the piston; the components are rug- 
qed, reliable, and stable; the components can be easily integrat- 
ed into the hydraulic piston; the only fluid density variations 
are due to minimum changes in the temperature of the hydraulxc 
fluid/oil from room temperature to about 70'C operating tempera- 
ture; the components are isolated from the hydraulic fluxd and 
the source material stream; and the initial coefficient values 
are readily calculated from the physical dimensions of the hy- 
draulic piston and the intensifier. 
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.he remainder of the algorithm, the PXO error filtering, is 
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m the set-up shovm in Fig. 5. Adjustment of the P ID 
the same as xn the s&x, uy ^^^^i^r as with any control 

parameters is accomplished in the same manner as wxth 

system- 

included if desired. 

Uar results may be obtained in a pulse f low system . P 
are of appropriate si.e ^^^-^^y^^ZZll ^L^^^^ of the 
each source material -suits xn ^ accomplished by 

flows from each source material. This coul ^he 
.emovin. the accumulators (flow dampener a then .a j 
resulting pulses by simultaneous control of P 



flow. 



^ * 4-^^« i7fi 176' is shown as a separate 

„„ a.pe„.ln, upon ^^'^^^J^ZZt ZZ^ Ju.s. P.t. 

Nos. 4,533,254 ana tti these reaction 

Uco.^^^^^^^^^i'"'^""'^'"l^'^l^^l^^: ,":r.nd lapped 

to be optically flat and tnen gi shapes, 

.ISO ^ varied .y t.e «=e o. on, or 

My bs formed as disclosed in U.S. Pat. no. 
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. „hich is incorporated herein by reference, in- 
3ect .atter of ^""^^l^J^^J.^^^.^r. Ser. No. 919,859 disclos- 

ceramic composites, diamond, and the Ixke. 

. „, hiah oressure continuous mixer/reactor 
The multiple stream ^^f^'^^^ for reactions 

of the present invention .s ^^^^^^^'^"^ sol- 
Which entail the precipxtatxon ^ ^^^^^^^^^^ materials, pre- 
u.le material C from two ^^^^^^ irreversible chem- 

-feiribly ionic solutions,- A and B, mvoivi g 

ical reaction of the types 

ana subsequent crystallizatil! \l nucleation and .rowth of 
crystals, of the reaction product C. 

. flow chemical mixer/reactor allows control 
The phase when two miscible fluids 

of the complete turbulent mixxng pn ^ in turbulent 

that are initially separate are caused - nter-t ^^^^^ 

-rtrbynrmernrm^f mlctlxin:, mesomixin. 
Ir^xCI- occur predominantly in series but to some 
degree in parallel. 

«f„i ir^ nreoaring chemical compounds 
The mixer/reactor xs useful ^^J^-^^^ ^ substantial 

..om continuously flowing ^^^^H^^^^^^Z reactors in speed, 
advantages over TiLization of process 

efficient use of source materials, ana _ 
operations. Moreover, the process provxae an ^^^^ ^^^^ 

produce a more ^'^°^-J^^^::JT^^^^^ requiring any 

conventional manufacturing processes . or the like 

separate particle size reduction, grxndxng, mxllxng, 
procedures . 

. be used to perform endothermic, exo- 
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e„h.nc«..« ol ' .' tt.nsltlon reaction, (.s 

Uo«., procipiftion » ^^^^^^^ ,,„e re.c- 

r.or:irrrrr^=»-- "~ 

tribolitic reactions, and the Ixke. 

obfinlM «ni«or» "^^^ ^J^' .or. uni.or. dl- 

tion occurs, " „.L™, .„d the like. It my «l«o 

cles. 

. .ore unifor. :r;n P eduction of previously 

crystallite and/or P-^^''^;^;^^;;;;4,Lgies . Thus, the mixer- 
unobserved phases and ^^^^lll^ll^ZL versions of the nanosize 
/.eactor is useful 5,466,646. in addi- 

particles of U.S. Pat. Nos. 5,417, ^^^^ ^^^^^^^ 

lion, the mixer/reactor may be /J^^^ ,,3,33, possible 

in Which the ^^-^^^^Z::^^^^^ - 
mixing, whereas undesired prod ^^^^^^^ 

intensity of mixing xs lower. phases which 

tions requiring ^^^^^^^^.e .0 produce a reaction 
may be only sparingly or totally x „„^ieator in which 

product. A still further use " ^ ^h ^^^^^ p,,,,,ed by the 
L high degree of ^^^^^^^ ^^^^ rates compared to 
mixer/reactor results xn --^^^^^^^ ^ of supersat- 

conventional ^^^'^^^^^^^Zs^t is products having smaller 
uration are achxeved. The nev 



PCTAJS98/16180 

WO 99/07466 

as materials ^^^^^'^^^ 3,^^,,, „«terials, coatings, co«- 
„aterials, catalysts, catalyst PP ^^^^ ^^^.^.^^^^ 

posites, electronic J ^^,^,3 hydroxides, optx- 

ductors, zeolites, and the lilee. 

• =. 1 iduid or solid state and may be 
The products may be xn ^^J .^lloids, inorganic net- 
in the ^orm Of,- far- example, c^us^^^^^^^^^^^ - 

worKs, intercalcation -"'?°;;/;;^;;,^^;,,ecular crystals, mono- 
.etal compounds, -^"--^f 1 ; .^tworKs, thin films, and 
layers, nanophase materials, org 

the like. 

.«i-alvtic precursors is frequently 
synthesis of catalysts o c^talytxc^^^^ ^^^^^^^^^ ^^^^^^^^^^ 

carried out by the mxxxng °^ frequently, thxs 
species which react to form a P^^^^P component, 
i^ accomplished using --us^^^^^^^^^^^^^^ ^ form of hydrox- 

this manner. 

of a soecific solution pH is im- 
xn many cases, phase of the precipi- 

portant in ^^^^.^.Triations in pH within the solutxon 

tating product, small ^«„plete can result 

aue to reactions occur-g^ -^^^^^^ - ^^^^^ ,33ult in a 
in an inhomogeneous P^^'^'^f '/^'"^^..ies , and as a result, de- 
product with less than o^-^-^^J^^ce. Similarly, when the pre- 
Uvering less than optimal ^^^'^^'^ components, local con- 

cipitation involves the ^^ ^^ can again affect the prop- 

centration gradients xn the solutx 

erties and phase -raposxtion n t^ej ^ ^^^^^^ 

— ir^fnTrLCs^rLtreLly nigh intensity, such 
ducing and mixing soxuu 
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..o. t.at loci r^-rj:::.. "lo,.^ »^ p-- 

.ized. Lading M »»te"»l" ' ™6served, phase oom- 

p„„ or that have diftar.nt, pie.iou.ly unobs.rve 

positions . 

which have a higher surface area, whxch ,f 

- the product- can be controlled in part^by _ . 
employed during the precipi^^^^^^^^^ ^ J^^^ ^^^^^ ^^^^^ 
species, the crystallite ^^^^^ crystal 

nuclei that are formed upon mxxxng, wh^ ^^.^le^tion is 

growth to the final product. In — ."^^J; J^^^ ,3 ..i.en 
controlled by the a.ount of i^purx- s - so^^--' ^^^^^ ^,3,, 
so-called het^roge e n~ ^^^^^ 

the process is driven by n g .uoer saturation. As the 

Of - ,^<,„,n„„. reactor vaaael 

„ ..e following .o.-li.iti.g — ' ^ Zl't':^"^ 
o.„t. a„ by weight »nle=s -'•'""^ J^^^';:,".' ^t t». dnal 
e„™i.= and "-"'-^r^re" ^.yatall^ 
„„a„ high ""?"r,.lll« " 

:rifrora:u i. - Pieoipitatio„ o. o.loi» «.i-.te. 
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gy^MPLE 1 

the exit port of the reaction ^^^tion chamber was 15.5 

Kpsi md total flo« ^„ ^ .eight, opon slt- 

r;v;/r™r:u'i:.r„d .1.= .«ti. to t. .ot. 

torn of the collection vessel. 

rrtrr, r»U.r:i:».- no ,.at» t.a„ a ..oto. o, 
two. 

solutions of .hese solutions were 

scribed above for Kxample , blen- 

added simultaneously by use ot sufficient water to 

,er to Which had ^-^J^Zl V^ Z^^^^o. ^ 
provide a 1% , .Lratory scale mixing devxce 

addition. A waring* blender IS a introduction of the 

designed to provide intense mixing The ^^^^^^^^ 
.eactants proceeded f^^.U ..oKe up upon 

The mixed solutions initially 
additional agitation. 
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spread between the largest au 
imately a factor of 10- 

- ne. 

stream high pressure reactor to pr ^^^^^^ ,,„,entional 
composition as preparation of aluminosilicate 
precipitation. Example 2 -^J^^ ^ J solutions. Ex- 
cels from soluble ^^^^^/^^^^Tn^^^ gels, that are 

ample 3 is the P-^^^^^^" , ,rom colloidal alumina and 

- precu-rsors-to mullite ox-xde-materxals,_f_ 

n«-ifnrmitv in composition is 
silica sources. Unxformxty building block specxes 

gree of intimate mixing of the elemental mapping 

in the dry gel. It can be — ^.'^ ^^"f J an absolute 

Of solid particles of the ' "^^tbtained . However, 

.easure of the ..tively large 

this technique is limitea ^ ^^s resolution. Other in- 

differences in ^^^^ ^.r: Z^^e , average meas- 

direct techniques that can be us g • Nuclear 

ure Of uniformity of composition. One su ^^^^ 
Magnetic Kesonance (NMR) of a Element in a solid, 

the average local atomic ...trials is to mon- 

another technique : a^ P^^^^^^ thermodynamically- 

i.or the temperatur of -n-^^^^^^^^ ^^^^ ^^^^^^ 3. 

favored mixed pnase, i"-"-^ 

suppers i:\r::^:;.u J 

^^^T- pvamole sodium silicate, wxuii 

basic Si source, for example distribution of 

.^»T.nP such as aluminum sulfate, me a 

aluminum source, sucn ao 
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alu.i.u. ana silicon within tne gel is ^^J^^^^^J^^^J^ 
Which can deterndne catalytic propertxes f ^.^ J^^^,,, 

„=.^.rial An effective method to determine the distriDuti 
ofsrand" 'is by^^Si KMK of the solid material. The position 
e t Resonance (pp.) is dictated by the ^^^^^^ 
this Silicon, i.e. whether the surrounding oxxdes ''.-^/^ ^^^^^^^ 
Si ato. or to an Al atom. Five possibil.txes ^^^^ ^'^^^^J; 

':^:^J^^ .ix-e, the greater degree that the Al an 
sHources have been intimately mixed during the course of the 



reaction . 



Mi v*=r /Reactor of the I nvention 

,o *;q n,m Si/liter, 0.048 mol Al/liter, 5.76 mol Na/- 
~ ; ir t^t;^^^^^^^^^^^^ Of the first pump. A solution 
oiTl (SO.), (1.40 mol Al/liter) was added to the reservoir of 
1 seC' PU.P. These solutions at ambient temperature are pump- 
rne secuau y^^i f ^ oQn-3 00 ml/minute each, 

ed at 14-15 kpsi operating ^^^/^"'""^cT. The product 

in the high pressure dual stream f ^ ^ J , 

u =.1- 1-he exit of the chamber had a pH of 7.2 ana was 

discharged at the exit o ^.^^.^^^^^ ,e-ionized 

thick, white gel. This gel wa -.,.„_h and subsequently 

water to remove sodium sulfate salts, filtered, and s ^^q 
7- ^ =.1- no 120«C This material was then analyzed by Si nmr. 
dried at 110-120 c. mis jSg^ spectrum con- 

The KMR spectrum is provided in ^.^^ [ ,,,, 

sists of a broad peak centered at -87.15 ppm wn;n 

half maximum of 14.24 ppm. The Si/Al of the — / 
as measured by ICP was 2.37. The concentration of the residual 
«a and S were 0.4 wt.% and <0.01 wt.%, respectively. 

:.. li .^^.^^lo^S^ "^"T ^ .^....^.i-.nnal Mixin^.^e3ace 
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aluminum (385 ml, 2.68 mol Si/liter, 0.048 mol Al/Iiter, 5 76 mol 
Na/liter) was added to a beaker equipped with an overhead stir- 
rer. A solution of Al2(S04)3 (301 ml, 1.80 mol Al/liter) was 
added dropwise with vigorous stirring from the overhead stirrer, 
resulting in the appearance of solid formation. The aluminum 
sulfate addition was continued until a final pH of 6.5-7.0 was 
achieved in the solution. At this point, the final Si/Al molar 
ratio was calculated to be approximately 1.84. The solids were 
filtered on No. 3 Whatman filter paper in the buchner funnel, 
washed thoroughly with distilled, de-ionized water, and dried at 
110-120-C. The dry material was analyzed by "si NMR and the 
corresponding spectrum is shown in Fig. 9. The 29si spectrum 
consists of 'a broad peak centered" at -91.82 ppm with a half width - 
at half maximum of 16.08 ppm. The atomic Si/Al ratio of the 
recovered solid was measured by Inductive Coupled Plasma (ICP) 
at 1.90 in good agreement with the calculated value. 

rnMPARATIVE EXAMPLE 2B 

T... p.r;.tion ^" 1.1 nn^inosi 1 i rate qel yja prop-wise Addition of 
AT SourcP « Si Sou rrp U sing a Tpp Mixing Device 

A solution containing sodium silicate (2.68 mol Si/liter) 
was prepared and added to the first container. A solution of 
A1,(S0,)3 (1.40 mol Al/liter) was prepared and added to a second 
container. The solutions were fed to the opposite inlets of the 
1/4" swagelok Tee device by peristaltic pumps. The product was 
discharged through the third, perpendicular arm of the Tee into 
the collection vessel. The solutions were pumped simultaneously 
into the Tee mixer at a flow rate of 150 ml/minute each. Flows 
were adjusted slightly to provide a pH of the exit slurry near 
7.0. control of the pH was difficult because the exit material 
was thick and did not easily flow, resulting in pressure buildup 
in the tubing and somewhat erratic flows. Final collection pH 
was approximately 7.9. The collected material was filtered, 
washed with distilled, de-ionized water, and dried. The Si NMR 
spectrum of the dry material is shown in Fig. 9. It consists of 
a broad peak centered at -90.36 ppm with a half width at half 
maximum of 17.06 ppm. The si:Al of the recovered solid as meas- 
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ured by ICP was 1.52. 



The comparative NMR data from Example 2 and Comparative Ex- 
amples 2A and 2B are provided in tabular form in Table 1. Com- 
parison of the NMR peak maxima suggests that greater incorpora- 
tion of Al within the Si matrix is accomplished with the dual 
stream reactor, even though the overall concentration of Al xn 
the precipitated solid is lower. This is evidenced by the less 
negative value of the peak maximum of the si resonance indicative 
of a greater number of OAl bonds on average around Si atoms. In 
addition, the peak width for this sample is the smallest which 
points to a narrower distribution of Si (OAl )^ species and thus 
a mo"re homogeneous sample." "By compar-ison, the" sample made with 
the tee reactor produces a maximum at -90.36 ppm, with a broader 
tail extending toward the region of Si(0Si)4, even though the 
sample contains more Al. The sample made with conventional mix- 
ing, carried out in semi-batch fashion, has a maximum at -91.82 
ppm, clearly shifted toward the less Al substituted Si species, 
again despite the higher overall Al content in the product. The 
use of the dual pump reactor clearly provides superior mixing of 
the Si and Al components and thus the resulting product has a 
more uniform composition, 

TABLE 1 



Example 
No. 



"2A" 



Reactor 
Type 



Dual 
Stream 



Semi-batcn 



Si/Al 
ratio 
(mol/mol) 



2.37 



1.90 



Si NMR peaK 
Maximum, 



-87.15 
-91.82 



29 



Si NMR 



FWHM, (ppm) 



14.24 



16.08 
17.06 



2B 



Tee 



T3r 



-90.36 



in Example 3, an aluminosilicate gel with Al/Si ratio of 3 
was prepared from particulate oxide precursors such as colloidal 
suspensions or sols. Such a material upon calcination at hxgh 
temperature leads to the formation of the crystalline muUite 
structure, stoichiometry 3AI2O3 .2Si02 . Separate phases of AI2O3 
and SiO. are usually formed in the as-prepared solid, and mullite 
forms via the diffusion of one phase into the other at high temp- 
eratures. Enhanced intimate mixing of the Al and Si oxide sol 
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particles should produce smaller discrete domains of separate 
phase silica and alumina phases in the as-formed product, facxlx- 
tating the thermal transformation of the solid to 100% mullite 
at lower temperature. 

starting materials included: colloidal SiO2-20 nm particles, 
32 wt.% solids (Nalco); colloidal AI2O3-5O nm particles, 20 wt% 
solids (Nyacol); aqueous ammonium hydroxide. The colloxdal SiOj 
solution was diluted to allow for mixing of equal volumes of the 
silica and alumina colloidal solutions at the prescribed stoichi- 
ometry (3Al:lSi) . A preliminary experiment in which the two col- 
loidal solutions were combined revealed that the final pH was 
below the'targeV value of 8.5, leading to "pbor gelation of the 
mixed solution. By titrating the product solution with aqueous 
ammonia, it was possible to raise the pH of the mixture to 8.5, 
whereupon the gelation did proceed. The same amount of aqueous 
ammonia established by the titration procedure was added to a new 
batch SiO, colloidal sol, which was then used in the comparative 
mixing experiments with the colloidal alumina sol. By such a 
method, the correct stoichiometry could be produced while achzev- 
ing the correct final pH. 

EXAMPLE 3 

synthesis of M n^.^ nn^i licatP Mnllite Precursors using the Dual 
stream Mi ver/React nr of the Invention 

500 ml of a diluted colloidal SiOj sol and 2 ml of 30 wt% 
aqueous ammonia were added to the reservoir of the first pump. 
TO the reservoir of the second pump was added 500 ml of a col- 
loidal AI2O3 sol, undiluted. The atomic Al/Si ratio of the com- 
bined solutions was 3:1. These solutions were mixed in the reac- 
tion chamber that is shown in Fig. 2C. The solutions were fed 
at a rate of 300 ml/minute (each), and with a pressure drop of 
between 10 kpsi and 11 kpsi across the reaction chamber. A 
viscous, gel-like product was discharged through the outlet of 
the interaction chamber. This material was recovered and dried 
at 120»c without washing. It is referred to as product A. 
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rnMPARATIVE EXAMPLE 3A 

^ yn^h^ni^ Of ; > i..n,nno»nicatP HuUite Precur-or^ Using Convention- 
al Mixing Device 

solutions of colloidal SiOj sol and aqueous anraionia, and 
colloidal AI2O3 sol were prepared and added to two separate beak- 
ers as described in Example 9. The atomic Al/Si ratio of the 
combined solutions was 3:1. The two solutions were fed at equal 
rates using a peristaltic pump into a third beaker, which was 
equipped with a magnetic stir bar to provide mixing. The solu- 
tions were added until the initial beakers were depleted. The 
pH was maintained at 8.5. Although the mixture was a gel ini- 
tially, it settled after mixing for approximately 2 minutes. The 
product was dried in "aH Sveii-atT laO'C for several hours and -is 
referred to as product B. 

The uniformity of composition of products A and B was deter- 
mined qualitatively by monitoring the transition to the mullite 
phase as a function of temperature with powder X-ray diffraction 
analysis. The dried powder was place in a holder, and mounted 
onto a "hot stage" of the X-ray dif fractometer . The sample was 
heated to the desired temperature and held at that temperature 
for 10 minutes before collecting the X-ray spectrum. For effi- 
ciency and speed of analysis, only the region of the x-ray spec- 
trum that reveals the most intense, characteristic peaks of mull- 
ite was scanned. The comparative spectra are provided in Figs. 
lOA and lOB for products A and B respectively. A small amount 
of mullite is formed at lOOO'C in both samples which indicates 
some degree of molecular scale mixing. However, the X-ray inten- 
sity of the mullite peaks of sample A (dual stream reactor) con- 
tinues to grow as temperature increases to 1450 'C, revealing the 
two sharp, well resolved peaks characteristic of mullite. in the 
case of product B (conventional mixing), the X-ray intensity of 
the mullite peaks increases only slightly and an additional broad 
peak centered at about 24.7 degrees 29 appears. This peak is not 
associated with mullite, rather it is believed to be a specific 
phase of quartz. The lack of growth of the mullite phase from 
product B (made in a stirred vessel) as calcination temperature 
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increases shows that product B is less uniform in composition 
than product A prepared with the dual stream reactor. 

The following examples demonstrate the ability of the dual 
stream high pressure reactor to produce a product of greater 
phase purity as compared to a product produced by conventional 
precipitation. The specific Examples 4 and 5 are for the precip- 
itation of copper/zinc/aluminum hydroxycarbonate. 

copper-based catalysts co-precipitated with zinc and option- 
ally aluminum oxides find use in low temperature water gas shift 
reaction and in methanol synthesis. Typical preparations of such 
materials involve the precipitatibri of the mixture of metal cat- 
ions from nitrate solutions by mixing with sodium carbonate or 
bicarbonate solutions. The zinc and aluminum are usually includ- 
ed (as nitrates which co-precipitate with the copper) to enhance 
the activity and stability of the copper particles in the final 
catalyst. Precipitates from mixed nitrate solutions typically 
contain at least one of two phases and frequently both: hydro- 
talcite, which contains aluminum, and malachite, which does not. 
The proportion of these phases depends on the stoichiometry of 
the metal ions in solution, the choice of precipitating agent, 
the method of mixing, and mixing intensity during the precipi- 
tation, precipitation mixtures are frequently characterized by 
composition, i.e. the ratio of copper to zinc, and the atomic 
percent aluminum in the mixture (basis: Cu + Zn + Al - 100%). 
For Al in the range 20-33 atomic %, pure hydrotalcite can be 
produced theoretically, although this is mitigated by factors 
such as the Cu/Zn ratio and the quality of mixing in the reactor. 
The open literature teaches that precipitates from nitrate solu- 
tions with 25 atomic percent aluminum and sodium bicarbonate 
slightly in excess of that needed to completely neutralize the 
nitrate ions contain only hydrotalcite and/or malachite as X-ray 
detectable crystalline phases. With conventional mixing, Cu, Zn, 
and Al nitrate solutions with atomic ratios of copper to zinc 
less than or equal to 1.0 precipitated only hydrotalcite. Solu- 
tions with ratios between 1.0 and 9.0 precipitated mixtures of 
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hydrotalcite and malachite impurity, with increasing proportions 
of malachite as the Cu/Zn ratio increases. Solutions with ratios 
above 9.0 yielded only malachite. 

EXAMPLE 4 

Pr>>r-initation of r„/7.n/Al Uyr^r-n^^rn^rhor^r^t^ with 25% fli and Cp/2n 
= ^.0 using n.ial s i -r^^m Mixer/Reactor of the Invention 

A solution comprising 0.35 M A1{N03 )3 -gHsO, 0.80 M 
CU(N03)2-2.5H20, and 0.27 M Zn(N03 )2 'eHaO was added to the res- 
ervoir of the first pump and a solution containing 3.3 M NaHC03 
was added to the reservoir of the second pump. The temperature 
of both solutions was maintained at 60 "C. The pump pressures 
were equal to' 15 kpsi during operation, corresponding to a flow- 
rate of 300 ml/min for each pump. The collected slurry product 
was mixed in a stirred vessel at 60 'C for at least 1 hour (ag- 
ing). Then, the solids were filtered, washed with water to re- 
move sodium and nitrate ions, and dried at 95 -C. An X-ray powder 
diffraction pattern of the solid product is presented in Fxg. IIA 
and shows that the solid product is pure hydrotalcite, without 
any malachite impurity. 

COMPARATTVF: EXAMPLE 4A 
Precipltatio" r„/7n/Al Hy'^rnvvcarbonate with 25% M and Cu/Zn 
= 3.0 using Conventional Mi vino Device 

A solution comprising 0.35 M Al(N03)3-9H20, 0.80 M 
Cu(N03)2-2.5H20, and 0.27 M Zn(NO3)2-6H20 was added to an equal 
volume of solution containing 3.3 M NaHC03 in a vessel equipped 
with vigorous magnetic stirring. Both solutions were warmed to 
60 »C and the temperature of the mixture was kept constant at 60»C 
during the precipitation. After aging of the slurry, the solids 
were filtered, washed, and dried as in Example 4. The x-ray pow- 
der diffraction pattern of the solid product is shown in Fig. 
lOB. The product is a mixture of hydrotalcite and a significant 
amount of malachite impurity. 



F.XAMPLE 5 

Prenipitati"" nf Cu/Zn /^l Hvdroxvcarbonate with 25% Aj 
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= Q n using ^-v^" n..;,1 Str ^^m Mi ver/Reartnr nf the Invention 

A solution comprising 0.35 M Al(N03)3-9H20, 0.95 M 
Cu(N03)2-2.5H20, and 0.11 M Zn(N03 )2 * eHjO was added to the reser- 
voir of the first pump and the solution containing 3.3 M NaHCOg 
was added to the reservoir of the second pump. The temperature 
of both solutions was maintained at 60«C. The pump pressures 
were equal to 15 kpsi during operation, corresponding to a flow 
rate of 300 ml/min for each pump. The collected slurry product 
was aged as in Example 4. Then, the solids were filtered, washed 
and dried at 95 -C as in Example 4. An X-ray powder diffraction 
pattern of the solid product is presented in Fig. IIA and shows 
that the solid product contained malachite and a significant 
amount of hydrotaicite. 

rnMPARRTIVE BXAMPLE 5A 
T>.».i pii-atior »^ rn/7.n/Al H v drox Y carbon atP with ?S% M and Cu/Zn 
=9.0 using Conventional Miyina Device 

A solution comprising 0.35 M AKNOj )3 •9H2O, 0.95 M 
Cu(N03)2-2.5H20, and 0.11 M Zn{N03 )2 ' SHjO was added to an equal 
volume of solution containing 3.3 M NaHC03 in a vessel equipped 
with vigorous magnetic stirring. Both solutions were warmed to 
eo-c and the temperature of the mixture was kept constant at 60'C 
during the precipitation. After aging of the slurry, the solids 
were filtered, washed, and dried as in Example 4. The dry pro- 
duct contained only malachite as shown by the X-ray powder dif- 
fraction pattern in Fig. 12B. 

The next examples are provided to show the ability of the 
high pressure dual stream reactor to reduce crystal size and 
simultaneously improve phase purity of a product as compared to 
other mixing devices. The specific examples 6, 6A, and 6B are 
for the precipitation of copper/ zinc/ aluminum hydroxycarbonate . 

EXAMPLE 6 

Pr^^initatio^ ^-^^^ cu-zn- Al Hvdrota lcitP Phas^ Using the Dual 
stream Mxy^^ '^<-^r.tor anr-nrdina to the Invention 

AS described earlier in Examples 4-5, the intensity of mix- 
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inq affects the ratio of hydrotalcite to malachite in the pro- 
duct; malachite appears despite the fact that the Cu-Zn-Al sto.- 
chiometry could in principle produce a pure hydrotalcite phase. 
A solution of mixed Cu, Zn, and Al nitrates, with atomic ratxo 
48:27:25 (Cu/Zn=1.8), was precipitated with an equal volume of 
solution containing sodium carbonate as. in Example 4. In sepa- 
rate experiments, the precipitation was carried out using two 
different reaction chambers shown in Fig. 2A and in Fig. 2C, 
respectively. The operating pressure of each pump was approxi- 
mately 15 kpsi, corresponding to a flow rate of 300 ml/min. The 
product was aged at 60»c for two hours, filtered, and washed^to 
remove sodium ions. The recovered solids were dried at 95 C. 
The X^r'ay dif fraction anaiysis of the solids showed the samples - 
were a mixture of malachite and hydrotalcite. The ratio of 
hydrotalcite to malachite was determined by the ratio of areas 
of the X-ray peaks at 11' and 17. 5-, respectively. The hydrotal- 
cite average crystal size was measured from the line broadening 
of the most intense peak. The results are presented in Table 2. 

r.nMPARATT ^^1=^ RXAMPLE 6A 

p...initation rn-7.n-Al Hydrotalcite Ph.se Via Conventiona l 

Mi Vina Device 

solutions were prepared as described above in Example 6. 
The metal nitrate solution and the sodium carbonate solution were 
mixed by direct addition into a beaker that was stirred vigorous- 
ly with a magnetic bar. The product was aged, filtered, washed, 
and dried as in Example 6. The dry solid was also analyzed by 
X-ray diffraction and the results are presented in Table 2. 

rnMPRRATI' ^g RXAMPLE 6B 

o.».initation ^v^.- rn-7n-Al Hydrotalcite Ph.-^p TTsipq a Singl e 
Pntno Micro flnidizer™ Device 

solutions were prepared as described above in Example 6. 
The metal nitrate solution and the sodium carbonate solution were 
added into the inlet reservoir of a single stream Microf luidizer 
device that was operated at 15 kpsi. The product was aged, 
filtered, washed, and dried as in Example 6. The dry solid was 
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also analyzed by X-ray diffraction and the results are presented 
in Table 2. 



Mixing Device 


Hydrotalcite/ 
malachite ratio 

13 


Hydrotalcite 
Crystallite 
Size, nm 
28 


Conventional mixing 
Single stream 
Microfluidizer® 
Processor 


16 


48 


Dual Stream Reactor, 
Fig. 2A 


46 


15 


Dual Stream Reactor, 
Fig. 2C 


91 


8 



Results, in. Table 2 show that the use of the dual stream re- 
action chamber leads to'a product not only 'of greater phase pur- 
ity toward the hydrotalcite, but also of smaller hydrotalcite 
crystallite size by a factor of 2-3 as compared to other mixing 
devices, in addition, the dual stream reaction chamber geometry 
shown in Fig. 2C leads to the smallest crystal size and the high- 
est hydrotalcite phase purity. 

Example 7 is provided to show the ability of the high press- 
ure dual stream reactor to reduce crystal size of a precipitated 
product as compared to other mixing devices. The precipitation 
of barium sulfate (barite) is examined in this example. 



EXAMPLE 7 

Pr«»ciDitatj^n nf Rarlf Hsina the Dual Stream Hi xer /Reactor 

Barium sulfate is a simple salt which can be precipitated 
by the mixing of barium nitrate with sodium sulfate. The crys- 
tallite size of the product is well known to be based on the 
quality of mixing employed during the precipitation. Experiments 
were carried out using solutions to produce either 20x10" M or 
5x10-3 M BaS04 slurry product. The barium nitrate and sodium 
sulfate solutions were added to the reservoirs of the first and 
second pump, respectively. The operating pressure of the pumps 
was equal to 15 kpsi, corresponding to a flow rate of 300 ml/min 
for each pump. The reaction chamber shown in Fig. 2C was used 
in this experiment. The crystal size of the barite was measured 
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in solution by laser light scattering, and the values are pre- 
sented in Table 3. 

POMPARATTVE EXAMPLE 7A 
pr-^rinitatinn nf Barite a Conventional Precipitation 

The solutions of barium nitrate and sodium sulfate were add- 
ed simultaneously to a beaker that was equipped with a magnetic 
stirring bar to provide mixing. The precipitation produced a 
product that had a barite concentration equal to 20x10^ M. The 
average crystal size of the barite was measured at 5.9 /im in 
solution by laser light scattering (Table 3). 



' ' COMPARATTVK EXAMPLE 7B - 

Pr^nlpitation nf Rarite TT.Hna a ConvPntional Tee Mixer 

The solutions of barium nitrate and sodium sulfate were fed 
to the opposite inlets of a laboratory Tee device with peristal- 
tic pumps at the same flow rate as in Example 7. The precipitat- 
ed product was discharged through the third perpendicular arm of 
the device into a beaker. Two separate precipitation experiments 
were carried out at 20x10-^ m and SxlO'^ M barite concentrations, 
respectively. The average crystal size of the barite was measur- 
ed as in Example 7 and the results are shown in Table- 3. 

TABLE 3 

Crystal Size (^m), 



Mixing Device 



Conventional Mixing 



Dual Stream Reactor 



Crystal Size (?im) , 
BaSOA qpnc. = 
20xn)"-^ M 



5.9 
0.5 



BaS04 cone. 
5x10"'^ M 



3.0 
0.32 



The use of the dual stream high pressure reactor leads to 
a reduction in crystal size of BaSO^ by a factor of at least two 
as compared to other mixing devices. 
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What is claimed is: 

1. A multiple discrete stream high pressure continuous 
chemical mixer/reactor which is characterized by in combination 
(i) means for individually pressurizing two or more different 
liquid source material streams to high pressure; (ii) means for 
individually monitoring the flow of each pressurized liquid 
source material stream; (iii) a reaction chamber for receiving 
the pressurized liquid source material streams at high velocity; 
(iv) means for discharging a product stream which results from 
mixing of the pressurized liquid source material streams at high 
pressure and high velocity in the reaction chamber; and (v) means 
for controiling the rate of ^delivery of-each reactant stream to> 
the reaction chamber at a determined continuous stoichiometric 
rate- 

2. The mixer/reactor of Claim 1, characterized in that the 
means for pressurizing a liquid source material stream pres- 
surizes that stream to a pressure of about 8,000 to 50,000 psi. 

3. The mixer/reactor of Claim 1, characterized in that the 
means for pressurizing each liquid source material stream com- 
prises a hydraulically-driven intensifier wherein a hydraulic- 
ally-driven piston or plunger drives a source material piston or 
plunger back and forth, alternately filling a source material 
cavity with a liquid source material and pressurizing the liquid 
source material to cause flow thereof. 

4. The mixer/reactor of Claim 3, characterized in that the 
hydraulically-driven intensifier comprises a single source mate- 
rial piston or plunger and includes a piston or plunger driven 
by hydraulic oil to a pressure of about 1,000 to 5,000 psi and 
the hydraulic oil is driven through a directional proportional 
control valve which routes the flow of the oil to alternately 
drive the intensifier piston or plunger back and forth- 



5. The mixer/reactor of Claim 4, characterized in that the 
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directional proportional control valve contains a variable, 
controllable restriction which permits variation of the pressure 
drop across it. 

6 . The mixer /reactor of claim 1 , characterized in that the 
pressurized source material flows through piping into a pressure 
energy accumulator which assists in maintaining a steady pressure 
and source material flow. 

7 The mixer /reactor of Claim 1, characterized in that the 
flow monitoring means comprises a fixed restriction within each 
pressurized source material stream which effects a pressure drop 
between the" pressurizing" meahs" and" the" reaction chamber, - 

8. The mixer/reactor of Claim 7, characterized in that the 
flow monitoring means comprises a first pressure transducer to 
monitor the pressure before the fixed restriction and a second 
pressure transducer to monitor the pressure after the fxxed 
restriction . 

9. The mixer/reactor of Claim 1, characterized in that the 
means for individually pressurizing is a hydraulic intensifier 
having a hydraulic piston or plunger and the flow monitoring 
means comprises a means for indicating the position of the hy- 
draulic piston or plunger. 

10. The mixer/reactor of Claiia 9, characterized in that the 
means for indicating position is a magneto-restrictive based, 
linear position transducer wherein the distance or measurement 
uses a rod of magneto-restrictive material. 

11. The mixer/reactor of Claim 1, characterized in that the 
means for controlling the rate of delivery comprises a fixed re- 
striction within each pressurized source material stream which 
effects a pressure drop between the pressurizing means and the 
reaction chamber in combination with a computer which adjusts 
flow of a source material by a closed loop feedback control 
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system. 

12. The mixer/reactor of Claim 11, characterized in that 
the closed loop feedback control system utilizes proportional- 
integral-derivative (PID) error signal processing which controls 
the flow of source materials to the mixer/reactor by controlling 
a process variable signal which is representative of the process 
to be controlled and a setpoint signal representative of a de- 
sired value for the process variable, by (i) producing a differ- 
ence signal of a difference between the process variable signal 
and the set point signal; (ii) applying an adjustable gain to the 
difference signal to thereby produce an amplified signal; (iix) 
integrating the difference signal toproduce an- integral- signal; 
(iv) differentiating the difference signal over time to produce 
a differential signal; (v) combining the amplified signal, the 
integral signal, and the differential signal, in a weighted sum- 
med average to form a signal which is applied to a means which 
directly changes the flow to control the process. 

13. The mixer/reactor of Claim 11, characterized in that 
the control means controls the input pressure of a source materi- 
al by taking the difference between an operator inputted selected 
base pressure and the actual pressure to produce a pressure error 
signal. 

14. The mixer/reactor of Claim 1, characterized in that 
after the source material streams enter the reaction chamber and 
form a mixture, the mixture within the reaction chamber is 
divided into at least two portions which collide with each other. 

15. The mixer/reactor of Claim 1, characterized in that the 
reaction chamber comprises a flow path of reducing cross section- 
al area. 

16. An apparatus for controlling the rate of delivery of 
two or more liquid reactant streams at a pressure of at least 
8,000 psi and a velocity of at least 1.5 meters per second to a 
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reaction chamber at a determined continuous stoichiometric rate, 
comprising a fixed flow restriction between a pressurizing means 
and a reaction chamber, wherein each liquid reactant stream pass- 
es through a separate fixed restriction which effects a pressure 
drop thereon. 

17. The apparatus of Claim 16, further comprising a first 
pressure transducer to monitor the pressure before the fixed re- 
striction and a second pressure transducer to monitor the press- 
ure after the fixed restriction. 

18. The apparatus of Claim 16, characterized in that the 
appa'ritus is combined" with a" hydraulic intensifier having a hy- - 
draulic piston or plunger and further comprises a means for indi- 
cating the position of the hydraulic piston or plunger. 

19. The apparatus of Claim 18, characterized in that the 
means for indicating position comprises a magneto-restrictive 
based, linear position transducer which comprises a rod of mag- 
neto-restrictive material . 

20. The appartus of Claim 16, further comprising a computer 
which adjusts flow of each liquid reactant stream by a closed 
loop feedback control system. 

21. A method of preparing a reaction product of a first li- 
quid and a second liquid comprising the steps of: 

(a) pressuring the first liquid to a pressure of at least 
8,000 psi; 

(b) pressurizing the second liquid to a pressure of at 

least 8,000 psi; 

(c) controlably delivering the pressurized first liquid and 
the pressurized second liquid in stoichiometric amounts to a 
reaction chamber at a pressure of at least 8,000 psi to cause 
reaction between the first liquid and the second liquid to form 
the reaction product. 
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22. The method of Clai^ 21, characterized in that the pres- 
surized first liquid and the pressurized second 1^^-^^"-^^^ 
a "I^city Of ablt 1.5 to 20 .eters per second when the Ixquxds 

combine . 

23. The method of Claim 21, characterized in that after the 
pressurized first and second liquids meet to form a combxned 
stream, the velocity of the combined stream increases. 

24. The method of Claim 23, characterized in ^^at the com- 
bined stream divides into at least two portions whxch collxde 
with each other. 



25. The method of Clai^n 21, further including the steps of 
pressurizing a third liquid stream individually to a P-ssure of 

at least 8,000 psi, and combining the "^^^/^/J^^;^,^,^;',; 
the pressurized second liquid, and the pressurxzed thxrd Ixquxd 
in stoichiometric amounts in a reaction chamber P-^^^ °^ 
at least 8,000 psi to cause reaction between the fxrst Ixquxd, 
the second liquid, and the third liquxd. 

26 A process for the production of a solid state, particu- 
late pr^uct by combining in a reaction chamber two or more Ix- 
^:id reactant Leams containing chemical reactants whxch, upon 
reaction, form a precipitated or solid P-^^-^-;^^-^;/^^,: 
uniformly sized particles in less than 10 mxcron diameter sxze 
ranae, said process comprising: 

(a) pressurizing each separate liquid reactant stream to 

a nressure of at least 8000 psi? 

combining the pressurized liquid reactant streams by 
passing the separate streams to a reaction chamber at pressures 
I at least 8000 psi whereby the separate streams -^^^^^[^^^ 
velocities and collide with each other, thereby ^^^^^^l ^^^^ 
Chemical reaction which causes the precipitated product to form, 

(c) recovering the precipitated solid particulate product 
from the reaction chamber- 
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27 The process of claim 26, characterized in that the size 
distribution between the largest and smallest particles, measured 
in linear dimension is no greater than about 5. 

28. A process for the production of a gel product formed 
by the reaction of two or more chemical components P-'^--^ ^. 
precipitated product in a reaction chamber where the chemxcal 
Taction complnents are provided to the reaction chamber as two 
or more liquid reactant streams containing said components, wh.ch 
upon reaction form a gel product of uniform composition, said 

process comprising: i-n 
(a) pressurizing each separate liquid reactant stream to 

a pressure of at least 8000 psi; " ' ~ \. 

' (b) combining the pressurized liquid reactant streams by 
passing the separate streams to a reaction chamber at pressures 
of a least 8000 psi whereby the separate streams t"velxng at 
high velocities collide with each other thereby resulting m the 
chemical reaction which causes the gel product to ^or^''^^ 
(c) recovering the product from the reaction chamber. 

29 The process of Claim 28, characterized in that a pre- 
cipitated aluminosilicate gel is formed by precipitation reaction 
Of a silicon-containing compound and an aluminum-containing com- 
pound Wherein the atomic ratio of Si/M in the gel ^^f--^ - 
number of Al atoms which are coordinatively bonded to Si via 
an oxygen atom, closely approximates the atomic ratio of Si/Al 
in the silicon-containing and aluminum containing compounds used 
as starting materials. 

30. A process for the production of a precipitated product 
of high phase purity characterized in that a first separate li- 
quid-based strLs contains one or more reactants in solution and 
a second liquid-based stream contains a precipitating agent in 
dispersed or dissolved form in liquid media are combined on a 
continuous basis and wherein the composition and phase purity of 
the precipitated product is controlled by maintaining a constant 
pH in each of the liquid streams at the time of mixing and pre- 
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cipitation, which comprises: 

(a) initially adjusting the pH of each liquid stream from 
its natural pH to afford the desired pH on mixing; 

(b) pressurizing each separate liquid stream containing a 
reactant or precipitating agent, respectively, at the adjusted 
dH, to a pressure of at least 8000 psi; 

(c) combining the pressurized reactant streams by passing 
the separate streams to a reaction chamber at pressures of at 
least 8000 psi whereby the separate streams traveling at high 
velocities collide with each other thereby affording on precipi- 
tation a precipitated product of high phase purity; and 
-.(d) recovering the product. from the reaction chamber. 

31 The process of Claim 30, characterized in that the pre- 
cipitated product is made up of at least 90 percent by weight of 
a single phase. 

32 A process for the production of mixed metal and metal 
oxide solid state materials of small crystallite size and desired 
phase purity by co-precipitation of two or more metals from metal 
salt solutions with a precipitating agent wherein separate li- 
quid-based streams comprising dispersions or solutions of each 
metal salt and the precipitating agent are combined on a contin- 
uous basis with the potential to form two or more precipitated 
product phases depending on the intensity of mixing and presence 
of homogeneous mixtures of the metal salt components at supersat- 
urated conditions which comprises: 

a) pressurizing each separate liquid stream containing a 
metal salt or a precipitating agent to a pressure of at least 
8000 psi; 

b) combining the pressurized reactant streams by passing 
the separate streams to a reaction chamber at pressures of at 
least 8000 psi whereby the separate streams traveling at high 
velocities collide with each other to afford a homogeneous, sup- 
er-saturated solution of metal salts thereby causing the co- 
precipitation of the metal salt components to form a mixed metal 
precipitate of desired phase purity and small crystallite size; 
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and 

c) recovering the mixed metal precipitate from the reac- 
tion chamber. 

33. A process for the production of a copper/ zinc/aluminum 
hydrotalcite catalyst by co-precipitation of copper, zinc and 
aluminum salts to form a particulate catalyst which is enriched 
in the hydrocalcite phase relative to the malachite phase and 
which is made up of crystallites having an average size below 
about 20 nm which comprises: 

a) preparing separate liquid solutions containing metal 
salts of copper, zinc and aluminum and of a precipitating agent; 
- ■ b)" " -pressurizihg each separate liquid solution to a pres- 
sure of at least 8000 psi. 

c) combining the pressurized liquid solutions by passing 
each liquid solution as a separate liquid stream to a reaction 
chamber at a pressure of at least 8000 psi whereby the separate 
streams traveling at high velocities collide with each other 
thereby resulting in the chemical reaction which causes the par- 
ticulate catalyst product to form; and 

d) recovering the catalyst from the reaction chamber. 

34. The process of Claims 26, 28, 30, 32, or 33, character- 
ized in that the reaction chamber is sized such that the pressure 
and velocity of each of the liquid streams is substantially 
maintained on introduction into the reaction chamber. 

35 A catalyst composition comprising co-precipitated cop- 
per, zinc and aluminum salts characterized in that the atomic 
ratio of cu/zn is in the range of about 1 to about 9 and aluminum 
is present at about 20-33 atomic % of the catalyst composition 
and wherein the catalyst composition consists essentially of 
crystallites having an average size below about 20 nm and an 
enriched amount of hydrotalcite phase relative to malachite phase 
with the hydrotalcite/malachite mole ratio being greater than 20 
when the Cu/zn ratio is less than 3 and at least 1 when the Cu/zn 
ratio is greater than 3. 
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FIG. 3 
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